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• Expression profiling data is also provided for developing seeds of two recombinant inbred lines from a Minsoy X Archer cross that differ with respect to seed yield. These data may thus aid in studies aimed at determining how alterations in gene expression affect seed yield.
• A total of 700 probe sets (roughly corresponding to 700 genes) that exhibit significantly different expression values between the Minsoy and Archer soybean varieties during at least one of the three developmental stages assayed are identified in this study.
• Information about the expression levels of genes at different stages of soybean seed development is expected to aid studies on seed development.
Introduction
Soybean (Glycine max (L.) Merrill) is a rich source of protein and oil and is one of the most important crop plants worldwide. Traditionally, soybeans have mainly been used for vegetable oil production, animal feed, and direct human consumption. In recent years there has been an increase in the use of soybean for biodiesel production, with approximately 10% of the U.S. soybean acres being used for biodiesel production [2] . Expanded production and use of biodiesel depends partly on the price of the feedstock. In order to make biodiesel production from soybean more economically competitive, improvements in soybean seed composition and/or yield are needed [3] .
Dehulled soybean seeds (embryos) contain an average 41% protein, 28% carbohydrates, 25% oil and 5% ash [4] . Extensive research has been carried out regarding the regulation of soybean seed composition. Both seed oil and protein content are quantitatively inherited, and many quantitative trait loci (QTL) associated with the two traits have been identified [5] [6] [7] [8] [9] [10] . However, although many components of the biochemical pathways for protein and oil biosynthesis in developing seeds have been identified [11] [12] [13] [14] , little is known about the genetic mechanisms that control protein or oil content [15, 16] . Even though it is possible to increase seed protein and oil content simultaneously to some extent, the negative correlation between protein and oil content makes it very difficult to increase the content of one without decreasing the other [6, 7] . Research into yield determinants has also been performed in soybean [17] [18] [19] ; yet, the basis of yield improvement remains unclear. The fact that seed protein and oil content as well as yield are greatly affected by environmental factors makes molecular dissection of these important agronomic traits more difficult [7, 17, 18, [20] [21] [22] [23] [24] .
To gain more information regarding the genes controlling seed protein, oil, and yield in soybean, we initiated a genomics approach to identify genetic factors that control variations in gene expression. The theory underlying this approach is that regulation of gene expression plays a critical role in determination of agronomic traits. In brief, a major reason why two cultivars differ with respect to agronomic traits is likely to be differences in the expression levels of key genes. Thus, it is of interest to identify those genes that are differentially expressed between cultivars that vary with respect to the agronomic traits of interest. Towards this end we used Affymetrix Soybean GeneChips® to perform transcriptional profiling experiments on developing seeds from the Minsoy and Archer soybean cultivars to identify differentially expressed genes. The Minsoy and Archer cultivars differ with respect to seed yield and size and also exhibit minor differences in seed composition (Table 1) [7, 9, 18] . These experiments resulted in identification of approximately 700 probe sets that are differentially expressed between seeds of the Minsoy and Archer soybean cultivars at one or more of the three developmental stages tested in at least one of two years assayed. Some of these probe sets may thus be involved in helping regulate seed composition or yield, while other probe sets may be involved in helping regulate general seed development or metabolism.
Results and discussion
Identification of differentially expressed probe sets
The Minsoy and Archer soybean cultivars were chosen for these experiments. Minsoy exhibits high seed protein content, and Archer is an elite cultivar adapted to northern U.S. areas with high seed oil content, seed weight and yield [9] . Previously, a recombinant inbred line (RIL) population was constructed using these two cultivars and QTL associated with seed protein, oil and yield were identified [9, 18] . The parental lines were grown and developing seeds were collected in the summers of both 2007 and 2008. In addition, in 2007 developing seeds were also collected from two RILs that were derived from a cross between Minsoy and Archer (Table 1) . Seeds were harvested at three developmental stages that are critical for seed number, seed size and seed nutrient accumulation [25] . Transcriptional profiling experiments were performed using Affymetrix GeneChip® Soybean Genome Arrays. Data analyses were performed as described in the Materials and methods section.
The 37,744 probe sets specific to the soybean genome were extracted. Data preprocessing and quality assessment of the hybridization data revealed that the data are of good quality (Supplementary files 1-3). The percentages of probe sets identified as "present" were 74.5-77.9%, which is very similar to the results obtained by Alvord et al. [26] using the same soybean Affymetrix array for research on fungal infection. After removing transcripts with very low expression values (background noise), about 25,000 transcripts were determined to be expressed at significant levels in soybean seeds and were thus used for subsequent statistical analysis. Based on cutoffs of an adjusted p-value (q-value) of less than or equal to 0.05 and two-fold or greater differences in expression, the number of differentially expressed probe sets between the two parental lines and the RILs were determined and are listed in Table 2 . Table 1 Comparison of seed composition, weight and yield between the Minsoy and Archer cultivars and two recombinant inbred lines (RILs). Data for the two parental lines were taken from published sources [7, 9, 18] a The total number of differentially expressed transcripts in all stages combined is less than the sum of the numbers of differentially expressed transcripts in each of the individual stages as some transcripts were differentially expressed at multiple developmental stages.
Using the cutoffs described above, a total of 574 probe sets were found to be differentially expressed between the two parental cultivars in 2007 and 232 probe sets were found to be differentially expressed between the two parental cultivars in 2008. These differentially expressed probe sets are distributed approximately equally among the three developmental stages tested and a substantial number of these probe sets were found to be differentially expressed at more than one developmental stage (Fig. 1) . The higher number of differentially expressed probe sets in 2007 compared with 2008 may be related to the fact that replicate samples were collected from a single row in 2007 and thus may have had lower variability than the replicate samples collected from multiple rows in 2008. About 48% and 45% of the differentially expressed probe sets were expressed at higher levels in Minsoy than in Archer in 2007 and 2008, respectively. Thus, the number of probe sets that are expressed at higher levels in Minsoy is approximately equal to the number of probe sets that are expressed at higher levels in Archer. The union of the differentially expressed probe sets identified in 2007 and 2008 is 700; data for expression values, fold changes and q-values for these genes are available in Supplementary file 4.
Transcript levels were also compared between tissue samples collected in 2007 from the two RILs 6049-273 and 6049-32 (Table 1) . Using the same cutoffs described above, a total of 144 probe sets were found to be expressed at significantly different levels between these two RILs in at least one developmental stage (Table 2) . Interestingly, no probe sets were found to be expressed at significantly different levels between seeds of the two RILs at developmental stage 3, the most mature stage analyzed. Among the 144 differentially expressed probe sets, 78 were expressed at higher levels in Line 6049-32 while 66 were expressed at higher levels in Line 6049-273; therefore, an approximately equal number of probe sets are expressed at higher levels in each of the two lines. Information regarding expression of these differentially expressed probe sets is provided in Supplementary file 5.
For the two parental cultivars, the probe sets that were differentially expressed in both of the years analyzed may represent genes that play more important roles in controlling differences in seed development or metabolism, potentially including differences in some of the agronomic traits, such as yield, observed between the parental cultivars. We therefore compared the transcripts that were differentially expressed between the parental cultivars in 2007 and 2008 and identified probe sets that were differentially expressed in both years (Fig. 1) . There are 75, 56, and 41 transcripts that were differentially expressed in both years for stages 1, 2 and 3, respectively. As some of these transcripts were consistently differentially expressed at more than one developmental stage, the total number of transcripts that were differentially expressed in both years in at least one developmental stage is 97. In all cases where a transcript was found to be consistently differentially expressed in more than one developmental stage, the transcript was found to be higher in the same parental line at all stages in which that transcript was differentially expressed. Information regarding these 97 transcripts is provided in Supplementary file 6 and discussed below.
Functional categories of differentially expressed probe sets
As the 97 transcripts found to be differentially expressed in both years analyzed may be more likely to play important roles in controlling differences in seed development and metabolism, including potentially differences in some agronomic traits, than genes that were found to be differentially expressed in only one of the years analyzed, further analyses and discussion are focused on these 97 transcripts. Annotation information for all probe sets that were differentially expressed in either year between either the parental cultivars or the two RILs analyzed is also provided in Supplementary Files 4 and 5. Approximately 78% of the 97 probe sets differentially expressed in Minsoy and Archer in both years analyzed were annotated based on their homology to Arabidopsis thaliana gene models or to protein sequences from other organisms (Supplementary File 6). Probe sets were classified based on their GOslim descriptions and the percentages of probe sets assigned to each GOslim category were calculated (Fig. 2) . As shown in Fig. 2 , many probe sets fall into the "unknown" or "other" categories for molecular functions or biological processes. Probe sets involved in receptor binding/activity and protein binding were overrepresented compared with the remaining expressed transcripts. The finding that probe sets involved in receptor binding/activity or protein binding are overrepresented among the differentially expressed probe sets is interesting as genes with these activities may be more likely than most genes to play important roles in signal transduction pathways. For biological process, probe sets in the protein metabolism category were underrepresented among the differentially expressed probe sets.
The list of 97 probe sets was also searched for those predicted to be involved in processes that might be expected to affect seed yield or composition. These processes include seed growth/development/signal transduction (Table 3) , defense and stress response (Table 4) , protein metabolism (Table 5 ) and lipid metabolism (Table 6) .
Among the probe sets potentially involved in seed growth and development (Table 3) , one homolog of the gibberellic acid-stimulated Arabidopsis (GASA) gene GASA4 was identified in the differentially expressed genes. GASA4 is one of 14 GASA family members in Arabidopsis and research has shown that that overexpression of GASA4 in Arabidopsis increased seed size and total seed yield [27] . A homolog of COBRA was also differentially expressed. COBRA is a glycosylated protein anchored to the plasma membrane through glycosylphosphatidylinositol (GPI) and was initially characterized as a regulator of orientated cell expansion in Arabidopsis roots [28] . It was shown subsequently that COBRA plays an important role in regulating anisotropic expansion during postembryonic development in plants via its involvement in cellulose microfibril orientation [29] . The difference in COBRA expression throughout the three developmental stages may be associated with the difference in seed size between the two cultivars. Archer has larger seeds and 3.7-fold higher expression of the COBRA-related gene on average than Minsoy, based on data from three developmental stages and two years assayed.
A total of 20 probe sets were found to be associated with defense and stress responses ( Table 4 ). The fact that many genes involved in stress/ defense responses were expressed differently between the two cultivars may imply the importance of stress/defense responses in seed development and probably in seed size and yield. Studies have shown that defense genes and pathogenesis-related genes are upregulated in barley embryos during seed development [30] . The authors proposed that this "developmental defense activation" might provide protection to both the developing embryo and dormant seed.
Among the probe sets implicated in lipid metabolism (Table 6 ), GmaAffx.37987.1.S1_at, which is predicted to encode a diacylglycerol acyltransferase (DGAT), may be of particular interest. Studies have shown that DGAT may play a decisive role in triacylglycerol (TAG) biosynthesis [12] and it has been proposed to catalyze one of the ratelimiting steps in TAG formation during seed development in soybean Table 3 Probe sets potentially involved in seed growth/development and signal transduction. Probe sets that were found to be expressed at significantly different levels between Minsoy and Archer in one or more developmental stages during 2007 and 2008 were searched for those predicted by their GO assignments to be involved in seed growth/development/signal transduction. Significant differences in transcript levels are defined as having a q-value ≤0.05 and fold difference ≥ 2. The developmental stage(s) and year(s) in which significant differences in transcript levels were detected for a particular gene are indicated. The cultivar that has higher expression values is also indicated. S1, S2, S3 represent developmental stage 1 (2 mm seeds), stage 2 (3.5 mm seeds) and stage 3 (5-6 mm seeds), respectively. (07) Light repressible receptor protein kinase S1 (07);S1,2,3 (08) Minsoy GmaAffx.88161.1.S1_at
Phytochrome (PHYA) S1 (07);S1,2,3 (08) Archer Gma.7387.1.A1_at
Pseudo-response regulator 7 (PRR7) S1,2,3 (07,08) Minsoy GmaAffx.77896.1.S1_at
Suppressor of auxin resistance 3 (SAR3) S1,2,3 (07,08) Archer GmaAffx.90343.1.S1_at GAST1 protein homolog 4 (GASA4) S1,2 (07);S2,3 (08) Minsoy GmaAffx.90343.1.S1_s_at GAST1 protein homolog 4 (GASA4) S1,2 (07);S2,3 (08) Minsoy Gma.473.1.A1_at
Retinoblastoma-related 1 (RBR1) S1 (07);S1,2,3 (08) Archer GmaAffx.21668.1.A1_at COBRA (COB) S1,2,3 (07,08) Archer GmaAffx.28349.1.S1_at
Ankyrin repeat_containing 2B (AKR2B) S1,2 (07);S1,2,3 (08) Archer GmaAffx.7290.1.A1_at alpha-N-acetylglucosaminidase family/NAGLU family S3 (07,08) Archer Table 4 Probe sets potentially involved in defense and stress responses. Probe sets predicted to be involved in defense and/or stress response and that exhibit significant differences in transcript levels between Minsoy and Archer were identified. See Table 3 Disease resistance protein (TIR-NBS-LRR class), putative S1,2,3 (07,08) Archer Gma.17871.1.S1_at
Disease resistance protein (TIR-NBS-LRR class), putative S1 (07);S1,2,3 (08) Archer Gma.13036.1.S1_at
Inducer of CBF expression 1 (ICE1) S1,2,3 (07,08) Minsoy Gma.1464.1.S1_at
Rotamase FKBP 1 (ROF1) S1,2 (07);S1,2,3 (08) Archer Gma.1571.1.S1_at ALDH10A8, 3-chloroallyl aldehyde dehydrogenase/oxidoreductase S1,2 (07);S2,3 (08) Minsoy Gma.16586.1.S1_at
Harpin-induced 1 S1,2,3 (07);S3 (08) Minsoy Gma.2628.1.A1_at
Arabidopsis thaliana peptide-N-glycanase 1 (AtPNG1) S1,2 (07,08) Archer Gma.4155.1.S1_at a RAP2.12,ERF/AP2 transcription factor family S1,2,3 (07,08) Minsoy Gma.4155.2.S1_s_at a RAP2.12,ERF/AP2 transcription factor family S1,2,3 (07,08) Minsoy GmaAffx.14960.1.S1_s_at a RAP2.12,ERF/AP2 transcription factor family S1 (07);S1,2,3 (08) Minsoy Gma.7716.1.A1_at
Zinc induced facilitator 1 (ZIF1) S2 (07);S1,2,3 (08) Minsoy Gma.8522.1.S1_at
Major latex protein-related/MLP-related S1,2 (07);S1,2,3 (08) Archer GmaAffx.21668.1.A1_at COBRA (COB) S1,2,3 (07,08) Archer GmaAffx.59014.1.S1_s_at
Dehydrin family protein S1,2 (07);S1 (08) Archer GmaAffx.66290.1.S1_at
Disease resistance protein (CC-NBS class), putative S1,2 (07);S1,2,3 (08) Archer GmaAffx.77896.1.S1_at
Suppressor of auxin resistance 3 (SAR3), nucleoporin S1,2,3 (07,08) Archer GmaAffx.93642.1.S1_s_at
Secretory protein, putative S2 (07);S1,2 (08) Archer a These probe sets may represent the same gene as they all show the highest match to the same soybean gene model. b Similarly, these two probe sets may represent the same gene.
and other species [13] . For example, Settlage et al. found that DGAT activity was positively correlated with the oil content of mature seeds and suggested that DGAT activity may be "an indicator of coordinated genetic expression of gene-products in the entire glycerolipid synthetic pathway" [13] . In addition, expression of a fungal DGAT gene in transgenic soybean plants increased seed oil 1.5% by weight [31] . Interestingly, in our study the soybean cultivar with slightly higher oil content (Archer) also has 3.2-fold higher transcript levels (averaged across the three developmental stages and the two years assayed) for this gene than does Minsoy (Supplementary file 6). Further analyses of GmaAffx.37987.1.S1_at and the other differentially expressed genes and their expression patterns will be necessary to determine which of them are most likely to affect seed yield or composition, or to play more generalized roles in seed development or metabolism.
Conclusions
This manuscript reports the identification of genes that are expressed at significantly different levels in developing seeds from two soybean cultivars, Minsoy and Archer, that differ with respect to seed yield and size and also exhibit minor differences in seed composition. Further study of these genes and their regulation should prove useful to researchers studying the basic biology of seed development and may provide new insights into the genetic mechanisms that regulate soybean seed yield, size and composition.
Materials and methods
Plant materials
The Minsoy and Archer soybean cultivars were used for these experiments. A recombinant inbred line (RIL) population was constructed from these two cultivars and QTL associated with seed protein, oil, and yield were identified in previous research [9, 18] . Two of these RILs (Line 6049-273 and Line 6049-32) that are similar in maturity but differ in yield were also used in these experiments. The Minsoy and Archer parental lines were grown in St. Paul, Minnesota during the summers of 2007 and 2008. The two RILs were also grown in 2007. In 2007, each line was planted as a single row. In 2008, a randomized complete block (RCB) design was used, with the field being divided into three sections (blocks) that were each sub-divided into four sub-sections. Minsoy and Archer seeds were each planted in two random sub-sections of each block. Seeds were planted in the three blocks, which represent the three replicates used in these experiments, one to two weeks apart. The plantings were staggered as collecting developing seeds was quite time consuming. Sowing the replicates one to two weeks apart thus allowed collection of the seeds from each replicate at approximately the same time of day and at the same age. Seeds were harvested at three developmental stages, namely, seed length = 2 mm, 3. 
RNA isolation and microarray hybridization
Seed tissues were ground to a fine powder in liquid nitrogen using a mortar and pestle and total RNA was extracted according to the protocol of the Sigma Spectrum™ Plant Total RNA Kit (Sigma-Aldrich, St. Louis, MO, USA). RNA purity and quality were checked using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). For expression profiling, cRNA synthesis and labeling was conducted according to the Affymetrix GeneChip Expression Analysis Technical Manual. The Affymetrix GeneChip® Soybean Genome Arrays were hybridized, washed, scanned, and checked for quality according to the manufacturer's protocols [32] .
Analysis of microarray data
The Affymetrix Soybean GeneChip® contains a total of 61,170 probe sets, of which 37,744 are soybean probe sets. The remainders are probe sets for two soybean pathogens [33] . The 37,744 probe sets specific to Table 5 Probe sets potentially related to protein metabolism. Probe sets predicted to be involved in protein metabolism and that exhibit significant differences in transcript levels between Minsoy and Archer were identified. See Table 3 Arabidopsis thaliana peptide-N-glycanase 1 (AtPNG1) S1,2 (07) Archer Gma.7719.1.A1_at TIF3H1, translation initiation factor S1 (07);S1,2,3 (08) Archer GmaAffx.16360.1.S1_at
Glyoxylate/hydroxypyruvate reductase S2 (07);S1,2,3 (08) Archer GmaAffx.20624.1.S1_at PUB14, ubiquitin-protein ligase S1 (07,08) Archer GmaAffx.93183.1.S1_at
S-adenosylmethionine decarboxylase (SAMDC) S1,2 (07);S1,2,3 (08) Archer Table 6 Probe sets potentially involved in lipid metabolism. Probe sets predicted to be involved in lipid metabolism and that exhibit significant differences in transcript levels between Minsoy and Archer were identified. Gene function was predicted both on the basis of SoyBase Affymetrix ™ GeneChip® Soybean Genome Array Annotation and the Arabidopsis lipid gene database [14] (http://www.plantbiology.msu.edu/lipids/genesurvey/index.htm). See Table 3 Esterase/lipase/thioesterase S1,2 (07,08) Minsoy GmaAffx.37987.1.S1_at
Diacylglycerol acyltransferase family S1 (07,08) Archer GmaAffx.6790.1.S1_at
Epoxide hydrolase, putative S1,2,3 (07);S1 (08) Minsoy a These two probe sets may represent the same gene as they both show the highest match to the same soybean gene model. the soybean genome were extracted. The raw fluorescence data in CEL files generated by the Affymetrix software were then preprocessed for quality assessment using the R programming environment and Bioconductor software according to the methods of Alvord et al. [26] . Standard quality control analyses were performed to check the quality of the data obtained from each of the microarrays. The distribution of the fluorescence signal intensity across the probes was checked for each of the 54 arrays. All were found to exhibit similar distributions (Supplementary File 1) . The affyPLM package was used to compare the log-transformed expression levels of each gene in each array to the median value of the gene across all of the arrays. All were found to be close to zero (Supplementary File 2) . The affyPLM package was used to calculate the normalized unscaled standard error (i.e. to compare the distribution of the standard error for each gene in each array with the median value of the standard errors for the gene across all of the arrays). All were found to be near one (Supplementary file 3) .
After preprocessing, a final expression value in a log 2 scale was obtained for each probe set on each array using the Guanine Cytosine Robust Multi-Array analysis (GCRMA) function in the gcrma package [34] . Probe sets with average expression values higher than 4.0 were deemed expressed in soybean seeds. Accordingly, probe sets with average expression values smaller than 4.0 were excluded from the analysis as they are likely to represent experimental noise. The lmFit function (limma package) [35] was used to fit a linear model to identify differentially expressed genes between the two parental lines and the two RILs at each stage. The empirical Bayes (eBayes) method was used to adjust variances, and Benjamini-Hochberg's False Discovery Rate (FDR) was calculated for multiple test correction [36] . Probe sets with an adjusted p-value (q-value) ≤ 0.05 and a fold change ≥2 were considered differentially expressed between the two lines. The 2007 and 2008 data were analyzed separately and differentially expressed probe sets were identified for each developmental stage; the common probe sets between the two years for each stage were then identified and used for subsequent analysis. All microarray data and expression values after GCRMA were submitted to Gene Expression Omnibus (GEO) at NCBI http://www. ncbi.nlm.nih.gov/geo under accession GSE21598.
Functional categorization of differentially expressed probe sets
Annotations were extracted primarily from two sources. First, annotations for all transcripts were downloaded from the SoyBase Affymetrix™ GeneChip® Soybean Genome Array Annotation [1] , where Gene Ontology (GO) terms were assigned to each Affymetrix Soybean GeneChip probe set using the GO terms associated with the best Arabidopsis sequence match. Next, probe sets with no clear annotations from the annotations mentioned above were searched against UniProt, the Arabidopsis genome, and the Medicago truncatula genome using HarvEST:SoyChip (version 1.08) [37] software. The best blastX hits with matches to 11 perfect probes and an e value b10 −6 were extracted by the software. Finally, the probe sets for which Arabidopsis gene models were identified were further classified. For this classification, the corresponding Arabidopsis gene models were searched against the Arabidopsis lipid data base [14] to identify genes potentially involved in lipid metabolism. The percentage of probe sets assigned to each GOslim category was calculated as: number of probe sets associated with the GOslim category/total number of probe sets for which annotations were available for this ontology X 100. As some Arabidopsis proteins have been assigned to more than one category, the sum of the percentages assigned to each category is greater than 100%. Fisher's exact test was used to test for over-representation or underrepresentation of each GOslim-defined biological process or molecular function in the differentially expressed probe sets compared with the remaining probe sets that were expressed in soybean seeds [38] . A GOslim term was judged as significantly overrepresented or underrepresented when the p-value b 0.1.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.gdata.2015.08.005.
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